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Abstract: Drought is an important stress affecting wheat production, which can reduce the quality of germination and seedling
establishment. In order to understand the seed germination characteristics of wheat cultivars under drought stress, the germination
characteristics under drought stress of 128 wheat cultivars widely used in production were identified by sand cultivation and water
control method. Six wheat cultivars with significant differences in germination characteristics under drought stress ((Shannong 28
(SN28), Chang 6878 (C6878), Yannong 19 (YN19), Shannong 23 (SN23), Xinmai 296 (XM296), and Xinmai 38 (XM38)) were
selected for physiological and biochemical analysis during seed germination under drought stress. The results showed that the
germination characteristics under drought stress of 128 wheat cultivars were divided into 5 categories according to the drought
tolerance coefficient of vigor index: good, the better, medium, the worse, and the worst. Eighteen wheat cultivars with good ger-
mination characteristics under drought stress, including SN28 and C6878, had fast seed germination and healthy seedlings.
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Twenty-six wheat cultivars with poor germination characteristics under drought stress, such as XM38 and Lemai 185, had slow
seed germination, dispersed germination time, low germination percentage (GP), and poor seedling uniformity. The physiological
and biochemical indices of wheat cultivars with different germination characteristics under drought stress were further determined.
The results showed that the relative expression level of TDPI gene at the early stage of germination under drought in SN28 and
C6878 with good germination characteristics under drought stress was significantly higher than the control. POD activity at the
early stage of germination under drought was significantly higher than the control. The activities of a-amylase and cysteine prote-
ase were less affected by drought, and the soluble protein content at the late stage of germination was significantly higher than the
control. However, the relative expression levels of DNA and protein repair genes in seed embryos of XM296 and XM38 with poor
germination characteristics under drought stress were relatively delayed under drought stress. The activity of cysteine protease
decreased significantly under drought stress. The above results indicated that wheat cultivars with good germination characteris-
tics under drought stress showed strong macromolecular repair ability in seed embryos and antioxidant capacity in seed, early
mobilization of storage substances during seed germination and seedling establishment under drought stress, and finally had fast
germination speed and high seedling quality.

Keywords: wheat (7Triticum aestivum L.); drought stress; seed germination characteristics; decomposition and transforma-
tion of storage substances; macromolecular repair ability; antioxidant capacity
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%1 qRT-PCR 3|#1/57|
Table 1 Primer sequence of qRT-PCR

Gene ID Gene name Primer sequences (5'-3") Primer sequences (5'-3")
LOC542814 Actin CCGGCATTGTCCACATGAA CCAAAAGGAAAAGCTGAACCG
TraesCS2A02G289700 TDP1 GGAGGGTTGCTACTCAGACGG GGAGAAGCTGTGGTAGGGTCAC
TraesCS2D02G338700 PIMT GGGCTTTACCCCTTACACCG AACCACTGCCTGATCCAACGT

2 HERENHR

2.1 ,
2.1.1 FEpasthERTEAFERIEFRG YA
128 , ( 2

x2 MM, FREAEMPNELFEREBIENATESN

Table 2 Variance analysis of cultivars and drought treatment of wheat germination and seedling growth indices

X

Index Source of variation Cultivar Treatment Cultivar x treatment
SS 11,927.286 2523.000 3543.667
GE (%) DF 127 1 127
MS 93.916 2523.000 27.903
F  F-value 14.041™ 377.198" 41727
SS 935.967 86.001 469.499
GP (%) DF 127 1 127
MS 7.370 86.001 3.697
F  F-value 2.758™ 32.188" 1.384"
SS 2054.155 2502.913 513.813
GI DF 127 1 127
MS 16.174 2502.913 4.046
F  F-value 25.364" 3924.998™ 6.344™
SS 2.862 3.315 0.612
VI DF 127 1 127
MS 0.023 3315 0.005
F  F-value 18.525™ 2724.480™ 3.963"
SS 0.002 0.001 0.000
SSDW (mg) DF 127 1 127
MS 1.91E-05 0.001 3.08E-06
F  F-value 15.116" 876.879™ 2.436"
SS 16,633.052 16,985.516 13,768.896
RL (cm) DF 127 1 127
MS 128.938 16,985.516 108.417
F  F-value 43.832" 5774.159™ 36.856"
SS 8147.920 11,212.904 1414.555
SL (cm) DF 127 1 127
MS 63.162 11,212.904 11.138
F  F-value 38.678" 6866.278" 6.8217
SS 16.194 25.806 4.746
R/S DF 127 1 127
MS 0.128 25.806 0.037
F  F-value 10.548™ 2134.674™ 3.0917
: 0.05 ) 0.01

" P<0.05;"": P<0.01. GE: germination energy; GP: germination percentage; GI: germination index; VI: vigor index; SSDW: single seed-
ling dry weight; RL: root length; SL: seedling length; R/S: root/shoot.
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Fig.1 Cluster diagram based on drought tolerance coefficient of vigor index of different wheat cultivars

1~V
I-V means the germination characteristics under drought stress with good, the better, medium, the worse, and poor of wheat cultivars, respec-

tively.
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Fig. 2 Difference of germination and growth indices of different wheat cultivars
SN28: 28 ; C6878: 6878; YN19: 19; SN23: 23 ; XM296: 296; XM38: 38 CK: ; DT:

* 0.05 ;RE 0.01

SN28: Shannong 28; C6878: Chang 6878; YN19: Yannong 19; SN23: Shannong 23; XM296: Xinmai 296; XM38: Xinmai 38. CK: control
check; DT: drought stress treatment. *: P < 0.05; **: P <0.01.
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Fig. 3 Comparison of seed and seedling morphology of different wheat cultivars at early germination stage
2 Abbreviations are the same as those given in Fig. 2.
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Fig. 4 Difference in relative expression of 7TDP1 and PIMT gene in seed embryo of different wheat cultivars under drought stress
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Abbreviations are the same as those given in Fig. 2. *: P < 0.05; **: P<0.01.

S 38 PIMT
TDPI , , :
TDPI , TDPI , 6878 296 PIMT
s 500~7000
28 PIMT S
24~48 h , 28 12~48 h
DNA ; 296 PIMT s 6878
12h , DNA 24 h PIMT :
( 5-A) 23 24h PIMT
6 PIMT ) 19 12h
S 28 296 12h 48 h
6878 PIMT s 24 h
; 296 ) 38 12~48 h
PIMT ( 4-B)
A B
4 TDPI 4 PIMT
” ) ~o- SN28
§ =3 f‘_;,c,. 3 /‘Q\ -[1- C6878
£.2 t /’ \
§ § //’ /,A \\ YNI19
8%2 // b / \ -0~ SN23
B2 B 8 \ XM296
SE PR > o\ AT,
ZE1 b A S S o 1 N s 0 XM38
2 i N\ a
E N ~
A\
0 0 + Lk -
12 24 48 12 24 48

Germination time (h)

5 FEMETAR/NERMMEXRS FEEERREZNTHERH
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2 Abbreviations are the same as those given in Fig. 2.
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Fig. 8 Effect of drought stress on a-amylase and cysteine protease activity at germination stage in wheat seeds



6 1579
252 FEFmpia st XA A DA P TR R e
TR E G AN R 6
28 ( 9-A)
72 h . 36 h
48 h ;
296 48~72 h 19 5
38 72 h
( 8-B)
A 400 SN28 400 YN19 400 XM296 .
S 300 300
g ~
Sz
o
< 7
2, 200 200
on
L
o g
27 100 100
(=]
v
0 0
400 200
=
£ _ 300 300
Sz
s =
%ﬂ 'an 200 200
o on
= E
=
2100 100
0 0 0
6 12 24 36 48 72 6 12 24 36 48 72 6 12 24 8 72
B
600 SN28 600 YNI19 ﬁ 600 XM296
g 50 500 500
8 —~
= Z 400 400 400
R Fo__x
=2 300 300 300f gty g~ —e=
35' ~—
= 200 200 200
100 100
00— "1 36 a3 72 6 12 24 8 7
600 600 SN23 600 XM38
g 50 500 500
o ~
5]
g? 400 400 400
S o0
S 2 300 300 300
%‘ -
= 200 200 200
100 100 100

9 FTEMEMN/NEMTFHIIE DI FIIFEENAIEEE

6 12 24 36 48 72
Germination time (h)

EEMFM

Fig. 9 Effect of drought stress on soluble sugar and soluble protein content at germination stage in wheat seeds

*

0.05

Abbreviations are the same as those given in Fig. 2. *: P <0.05.



50

1580
6 , ,
, 28 , ( 3 4)
, 6878 ,
19 , 28
, 48~72 h : 296
, 23 38, GE VI SSDW
( 9-B) B
, 28 ,
23 296 24~48 h 132] ,
28 ,
: 28 19 72 h 27 16 , 8
, ( Db
62.81% 120.97%; 6878 23 296
38 72 h ,
3 ie ’
3.1 3.2
el , DNA
[26]
, DNA
) (8] ,DNA
, , DNA
28 23 ; , DNA 331 1pP]
502 26 (291 DNA
128 , DNA [34]
, , TDPI
, , DNA
35 19 , , DNA ;
, 8 608 DNA
( 1 2 4) , DNA ( 5-A)
, DNA /
[5] [30] 20% , [35]’
PEG-6000 DNA
, 18 58
, 3217 Bl PIMT
(171 OsPIMTI

isS0Asp



1581

6
" A),
PIMT 137] , 6878
296 24 h PIMT
( 4-B), PIMT 231
( 5-B) ,
ROS
, (MSR) (431
[38] 4 ,
1391 [44]
[23]
ROS ,
[40]
, 28 5
) 72 h ,
(1l , 62.81%;
12h  SOD 6 h POD , 72 h
« 7, ( 8B 9-B)
38 SOD ,
6-A 6-B R
) 4 it
128 ,
3.3 18 , 28
6878 4199
26 38 77 185 ,
[23] 2 b 2
a- 5
- 5
R 38 o- ,
8-A .
’ ( ) MR LM %R: 1) AF| M 35 http:/zwxb.
- chinacrops.org/; 2) P B 4= M http://www.cnki.net/;
6 ’ 3) 7 % 44 http://c.wanfangdata.com.cn/Periodical-
Zuowxb.aspX.
[42]
A ’ References
- [17 LiJ, Xuan J, Cai R. Wheat, a popular cereal crop. Field Crop,
(23] 2020, 3: 13-21.

[2] Fahad S, Bajwa A A, Nazir U, Anjum S A, Farooq A, Zohaib A,
Sadia S, Nasim W, Adkins S, Saud S, Thsan M Z, Alharby H, Wu



1582

50

[3]

(7]

(8]

[10]

[11]

[12]

[13]

[14]

[15]

C, Wang D, Huang J. Crop production under drought and heat
stress: plant responses and management options. Front Plant Sci,
2017, 8: e01147.

Yan M, Xue C, Xiong Y, Meng X, Li B, Shen R, Lan P. Proteo-
mic dissection of the similar and different responses of wheat to
drought, salinity and submergence during seed germination. J
Proteom, 2020, 220: ¢103756.

5 > s >

,2016, 36: 483-490.

Shi C X, Chen T, Wang C J, Qin X L, Liao Y C. Effect of drought
stress on seed germination and biomass allocation of root and
shoot of different drought resistant wheat cultivars. J Triticeae
Crops, 2016, 36: 483-490 (in Chinese with English abstract).
Ahmad Z, Waraich E A, Akhtar S, Anjum S, Ahmad T, Mahboob
W, Hafeez O B A, Tapera T, Labuschagne M, Rizwan M. Physio-
logical responses of wheat to drought stress and its mitigation
approaches. Acta Physiol Plant, 2018, 80: 1007-1017.

5 s 5 s >

2012, 23: 724-730.

MaF J, Li D D, Cai J, Jiang D, Cao W X, Dai T B. Responses of
wheat seedlings root growth and leaf photosynthesis to drought
stress. J Appl Ecol, 2012, 23: 724-730 (in Chinese with English
abstract).

Ma Z, Bykova N V, Igamberdiev A U. Cell signaling mechanisms
and metabolic regulation of germination and dormancy in barley
seeds. Crop J, 2017, 5: 459-477.

Waterworth W M, Bray C M, West C E. The importance of safe-
guarding genome integrity in germination and seed longevity. J
Exp Bot, 2015, 66: 3549-3558.

Han C, Yang P. Studies on the molecular mechanisms of seed
germination. Proteomics, 2015, 15: 1671-1679.

Poetsch A R. The genomics of oxidative DNA damage, repair,
and resulting mutagenesis. J Comput Struct Biotechnol, 2020, 18:
207-219.

Juan C A, Pérez de la Lastra J] M, Plou F J, Pérez-Lebefia E. The
chemistry of reactive oxygen species (ROS) revisited: outlining
their role in biological macromolecules (DNA, lipids and proteins)
and induced pathologies. Int J Mol Sci, 2021, 22: 4642-4654.
Stinson B M, Loparo J J. Repair of DNA double-strand breaks by
the nonhomologous end joining pathway. Annu Rev Biochem,
2021, 90: 137-164.

Mei C, Lei L, Tan L M, Xu X J, He BM, Luo C, YinJ Y, Li X,
Zhang W, Zhou H H, Liu Z Q. The role of single strand break re-
pair pathways in cellular responses to camptothecin induced
DNA damage. Biomed Pharmac, 2020, 125: ¢109875.

. , 2014, 40:
1141-1156.
XuHH, LiN, Liu S J, Wang W Q, Wang W P, Zhang H, Cheng
H Y, Song S Q. Research progress in seed germination and its
control. Acta Agron Sin, 2014, 40: 1141-1156 (in Chinese with
English abstract).

Kamble N U, Majee M. PROTEIN L-ISOASPARTYL
METHYLTRANSFERASE (PIMT) in plants: regulations and

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

functions. Biochem J, 2020, 477: 4453-4471.

Ghosh S, Kamble N U, Verma P, Salvi P, Petla B P, Roy S, Majee
M. Arabidopsis protein l-isoaspartyl methyltransferase repairs
isoaspartyl damage to antioxidant enzymes and increases heat
and oxidative stress tolerance. J Biol Chem, 2020, 295: 783-799.
Wei Y, Xu H, Diao L, Zhu Y, Xie H, Cai Q, Wu F, Wang Z, Zhang
J, Xie H. Protein repair l-isoaspartyl methyltransferase 1 (PIMT1)
in rice improves seed longevity by preserving embryo vigor and
viability. Plant Mol Biol, 2015, 89: 475-492.

Petla B P, Kamble N U, Kumar M, Verma P, Ghosh S, Singh A,
Rao V, Salvi P, Kaur H, Saxena S C, Majee M. Rice protein repair
l-isoaspartyl methyltransferase isoforms differentially accumulate
during seed maturation to restrict deleterious isoAsp and reactive
oxygen species accumulation and are implicated in seed vigor
and longevity. New Phytol, 2016, 211: 627-645.

Verma P, Kaur H, Petla B P, Rao V, Saxena S C, Majee M. Pro-
tein l-isoaspartyl methyltransferase 2 is differentially expressed in
chickpea and enhances seed vigor and longevity by reducing ab-
normal isoaspartyl accumulation predominantly in seed nuclear
proteins. Plant Physiol, 2013, 161: 1141-1157.

Li B B, Zhang S B, Lyu Y Y, Wei S, Hu Y S. Reactive oxygen
species-induced protein carbonylation promotes deterioration of
physiological activity of wheat seeds. PLoS One, 2022, 17:
€0263553.

Penfield S, Rylott E L, Gilday A D, Graham S, Larson T R, Gra-
ham I A. Reserve mobilization in the Arabidopsis endosperm fuels
hypocotyl elongation in the dark, is independent of abscisic acid,
and requires PHOSPHOENOLPYRUVATE CARBOXYKINASEI.
Plant Cell, 2004, 16: 2705-2718.

Yu Y,Guo G Li D,Hu Y,Li J,LiX, Yan Y. Transcriptome
analysis during seed germination of elite Chinese bread wheat
cultivar Jimai 20. BMC Plant Biol, 2014, 14: 20.

. s , 2016.
pp 3—13,28-32.
Chen L T. Relation of Wheat Seed Vigor and Main Related En-
zyme Activities and Gene Expression under Stress Conditions.
MS Thesis of Shandong Agricultural University, Tai’an, Shan-
dong, China, 2016. pp 3-13, 28-32 (in Chinese with English ab-
stract).

Jammer A, Gasperl A, Luschin-Ebengreuth N, Heyneke E, Chu H,
Cantero-Navarro E, GroBSkinsky D K, Albacete A A, Staben-
theiner E, Franzaring J, Fangmeier A, van der Graaff E, Roitsch T.
Simple and robust determination of the activity signature of key
carbohydrate metabolism enzymes for physiological phenotyping
in model and crop plants. J Exp Bot, 2015, 66: 5531-5542.

Chu C, Wang S, Paetzold L, Wang Z, Hui K, Rudd J C, Xue Q,
Ibrahim A M H, Metz R, Johnson C D, Rush C M, Liu S.
RNA-seq analysis reveals different drought tolerance mecha-
nisms in two broadly adapted wheat cultivars “TAM 111° and
‘TAM 112°. Sci Rep, 2021, 11: 4301.

, ,2016. pp 1-12.
Ma X L. Research of Difference in Vigor and Physiological of
Wheat Seed Produced in Different Region. MS Thesis of Shan-
dong Agricultural University, Tai’an, Shandong, China, 2016. pp



1583

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

1-12 (in Chinese with English abstract).

, ,2021. pp 13-15.
Qu S F. Seed Vigour Comparison of Reciprocal Crosses Hybrid
on Maize Inbred Lines. MS Thesis of Shandong Agricultural
University, Tai’an, Shandong, China, 2021. pp 13—15 (in Chinese
with English abstract).

,2023, 13(4): 58-60
Liu J. Study on germination and emergence of wheat seeds and
its influencing factors. J Agric Catastroph, 2023, 13(4): 58-60 (in
Chinese with English abstract).

, , 2020. pp 32-46.

Li R X. Analysis of Seed Vigor Status and Study on the Evalua-
tion Technology of Seed Vigor in Wheat. MS Thesis of Shandong
Agricultural University, Tai’an, Shandong, China, 2020. pp
32-46 (in Chinese with English abstract).

. ,2018,47(3): 23-28.
Zhang Z 'Y, Wang Z Y, Li M J, Huang L. Effect of drought stress
on seed germination characteristics of different generations of
winter wheat varieties. J Henan Agric Sci, 2018, 47(3): 23-28 (in
Chinese with English abstract).
Wasaya A, Zhang X, Fang Q, Yan Z. Root phenotyping for
drought tolerance: a review. Agronomy, 2018, 8: 241-262.
Agbicodo E M, Fatokun C A, Muranaka S, Visser R G F, van der
Linden C G Breeding drought tolerant cowpea: constraints,
accomplishments, and future prospects. Euphytica, 2009, 167:
353-370.
Waterworth W M, Drury G E, Bray C M, West C E. Repairing
breaks in the plant genome: the importance of keeping it together.
New Phytol, 2011, 192: 805-822.
Nitiss K C, Malik M, He X, White S W, Nitiss J L. Tyrosyl-DNA
phosphodiesterase (tdp!) participates in the repair of fop2-mediated
DNA damage. Proc Natl Acad Sci USA, 2006, 103: 8953-8958.

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

Ventura L, Dona M, Macovei A, Carbonera D, Buttafava A,
Mondoni A, Rossi G, Balestrazzi A. Understanding the molecular
pathways associated with seed vigor. Plant Physiol Biochem,
2012, 60: 196-206.

Oge L, Bourdais G, Bove J, Collet B, Godin B, Granier F, Boutin
J P, Job D, Jullien M, Grappin P. Protein repair L-isoaspartyl me-
thyltransferasel is involved in both seed longevity and germina-
tion vigor in Arabidopsis. Plant Cell, 2008, 20: 3022-3037.

Chen X, Bomer A, Xin X, Nagel M, He J, Li J, Yin G. Compara-
tive proteomics at the critical node of vigor loss in wheat seeds
differing in storability. Front Plant Sci, 2021, 12: 707184.

Rey P, Tarrago L. Physiological roles of plant methionine sulfox-
ide reductases in redox homeostasis and signaling. Antioxidants
(Basel), 2018, 7: 114.

Chatelain E, Satour P, Laugier E, Ly Vu B, Payet N, Rey P, Mon-
trichard F. Evidence for participation of the methionine sulfoxide
reductase repair system in plant seed longevity. Proc Natl Acad
Sci US4, 2013, 110: 3633-3638.

Singh S, Gupta A, Kaur N. Differential responses of anti-oxida-
tive defence system to long-term field drought in wheat (Triticum
aestivum L.) genotypes differing in drought tolerance. Agron
Crop Sci, 2012, 198: 185-195.

Kirova E, Pecheva D, Simova-Stoilova L. Drought response in
winter wheat: protection from oxidative stress and mutagenesis
effect. Acta Physiol Plant, 2021, 43: 8.

Zhao M, Zhang H, Yan H, Qiu L, Baskin C C. Mobilization and
role of starch, protein, and fat reserves during seed germination
of six wild grassland species. Front Plant Sci, 2018, 9: 234-251.

. ,2015, 48: 646-660.

Li Z H, Wang J H. Advances in research of physiological and
molecular mechanism in seed vigor and germination. Sci Agric
Sin, 2015, 48: 646—660 (in Chinese with English abstract).

Shi C, Xu L L. Characters of cysteine endopeptidases in wheat
endosperm during seed germination and subsequent seedling
growth. J Integr Plant Biol, 2009, 51: 52-57.



